Human-pathogenic bacteria that are able to cause persistent infections must have developed mechanisms to resist the immune defense system. Lysozyme, a cell wall-lytic enzyme, is one of the first defense compounds induced in serum and tissues after the onset of infection. Recently, we showed that Staphylococcus aureus is resistant to lysozyme by O acetylating its peptidoglycan (PG) by O-acetyltransferase (OatA). We asked the question of which staphylococcal species PG is O acetylated. We applied various methods, such as genome analysis, PCR, Southern blotting, lysozyme sensitivity assay, and verification of O acetylation of PG by high-performance liquid chromatography (HPLC) analysis. PCR analysis using S. aureus-derived oatA primers and Southern blotting did not yield reliable results with other staphylococcal species. Therefore, we used the HPLC-based assay to directly detect PG O acetylation. Our studies revealed that the muramic acid was O acetylated only in pathogenic, lysozyme-resistant staphylococci (e.g., S. aureus, S. epidermidis, S. lugdunensis, and others). All nonpathogenic species were lysozyme sensitive. They can be divided into sensitive species (e.g., S. carnosus, S. gallinarum, and S. xylosus) and hypersensitive species (e.g., S. equorum, S. lentus, and S. arlettae). In all lysozyme-sensitive species, the analyzed PG was de-Oacetylated. When we transformed the oatA gene from lysozyme-resistant S. aureus into S. carnosus, the corresponding transformants also became lysozyme resistant.
Staphylococci are commonly widespread as natural commensals of humans and warm-blooded animals. The largest populations are usually found in regions of the skin, such as mucosal surfaces surrounding openings in the body surface (e.g., Staphylococcus aureus colonizes anterior nares in Ͼ30% of the human population) (1, 33) . Currently, 36 species and 17 subspecies are recognized in the genus Staphylococcus, and about one-half of these are indigenous to humans (22) . Staphylococci are also opportunistic and adaptable pathogens with the ability to infect, invade, persist, and replicate in any human tissue, including skin, bone, visceral organs, or vasculature (19, 33) . Formerly, coagulase-negative staphylococci were considered to be saprophytic or mildly pathogenic for humans. However, several species of coagulase-negative staphylococci, such as S. epidermidis (20, 24, 26) , S. saprophyticus (32) , S. haemolyticus (3), S. lugdunensis (49, 52) , and S. warneri (53) , have now been shown to be opportunistic human pathogens.
Infections caused by coagulase-negative staphylococci are commonly associated with implanted devices, and the ability to form a biofilm promotes infection (20, 21) . Some nonpathogenic staphylococci are food-borne bacteria. Two examples are S. equorum (autochthonous strain of the red smear cheese surface) (10, 37) and S. arlettae (autochthonous strain growing on dried, salted cod) (50); they have never been isolated from human skin or in connection with infections. S. xylosus (5, 35, 48) , S. pulvereri (5) , S. succinus (43) , S. pasteuri (43) , and S. equorum (5, 35) were found to be dominant on traditional fermented meat and on the surface of ripened cheese but have also been isolated from goat milk (48) . For more than 50 years, nonpathogenic staphylococci, such as S. carnosus (8, 45, 46, 54) , S. equorum (10, 42, 45) , S. sciuri (7, 44) , S. xylosus (25, 36, 45) , and S. pulvereri (8) , have been used as starter cultures in fermentation and biopreservation of food (meat, cheese, and probiotics). Since pathogenic staphylococci colonize the host over a longer period and cause chronic infections and are exposed to all tissue bactericides that kill or inhibit the growth of microbes, they must have developed mechanisms that evade lysozyme defense. It is very remarkable that more than 80 years ago, Alexander Fleming discovered lysozyme and proposed that nonpathogenic microorganisms fail to cause disease, because they are very sensitive to lysozyme-mediated killing (17) . Lysozyme is a component of granules of neutrophils and the major secretory product of macrophages, found in mammalian secretions and tissues; and undoubtedly one of the principal important enzymes of our innate immune system (16, 27) . Although lysozyme preferentially hydrolyzes the ␤-1,4-glycosidic linkages between N-acetylmuramic acid (NAM) and Nacetylglucosamine (NAG) (6), it does not recognize peptidoglycan (PG) modified with O-acetyl groups that enables bacteria such as S. aureus and other pathogenic staphylococci to overcome the innate defense system. S. aureus acetylates its cell wall at the C-6 position of N-acetylmuramic acid producing the 2,6-N,O-diacetylmuramic acid derivative (4). This modification acts as a steric hindrance and inhibits the binding of the lysozyme to the polysaccharide substrate. We have previously provided evidence that the O acetylation of the PG correlates with the observed high lysozyme resistance by S. aureus and that it is mediated by a PG-specific, membrane-bound O-acetyltransferase (OatA) (4) . In this study, we show that OatA is widespread only among pathogenic staphylococci, which is typical for a viru-lence factor. Moreover, we show that nonpathogenic staphylococci are lysozyme sensitive and possess no O-acetylated PG.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains were used in the lysozyme diffusion-based assay and in the high-performance liquid chromatography (HPLC)-based assay. 4 , 0.1% glucose) or tryptic soy broth (Difco). Media were supplemented when appropriate with tetracycline (12.5 g/ml) unless noted otherwise. The pTX15 vector (staphylococcal plasmid with xylose-inducible promoter) was used for cloning and expression of the oatA gene in S. carnosus (40) .
Construction of plasmids, homologous recombination, and complementation. Standard methods and vectors were used for PCR amplification, cloning, sequencing, in vitro recombination, and Southern blotting. DNA from S. aureus SA113 was amplified by PCR with Deep Vent polymerase (New England Biolabs) according to the instructions of the supplier. Primers were obtained from MWG-Biotech (Ebersberg, Germany). The PCR product was cloned into the polylinker (BamHI-EcoRI) of the pTX15 vector (40) , upstream of the promoter region. Restriction enzymes were purchased from Gibco BRL, Boehringer, or New England Biolabs GmbH (Schwalbach, Germany). Plasmid DNA was introduced into S. carnosus by protoplast transformation. Plasmid DNA and chromosomal DNA were sequenced using a LI-COR DNA sequencer Long Reader (Lincoln Corporation, Inc., Lincoln, Neb.). Computer sequence analysis was performed with MacDNASIS Pro (Hitachi Software Engineering, San Bruno, Calif.).
Lysozyme agar diffusion-based assay. The growth inhibition that is caused by lysozyme was tested on tryptic soy agar (TSA) plates. Overnight cultures of the bacteria were diluted in TSA soft agar to 0.5 ϫ 10 6 CFU per ml and poured on TSA plates. In the agar, 0.5-mm-diameter wells were cut out, and in each well, 4 mg of lysozyme (concentration of 200 mg/ml, suspended in water, sterile filtered) was added. After overnight incubation at 37°C, the growth inhibition was measured.
Highly purified cell wall preparation. Staphylococci were inoculated in 1,000 ml of liquid BM and incubated at 37°C until the optical density at 578 nm (OD 578 ) reached 0.4 to 0.6. Cultures were swirled in ice-alcohol baths and then centrifuged at 6,000 rpm for 20 min at 4°C. The cells were washed once with ice-cold 100 mM Tris-HCl (pH 6.8) and resuspended in 15 ml of the same buffer. The cells were added dropwise to 45 ml of boiling 5% sodium dodecyl sulfate (SDS) buffered with 100 mM Tris-HCl (pH 6.8) and boiled for a further 30 min. After the solution was cooled to room temperature, the SDS-insoluble material was collected by centrifugation at 10,000 rpm for 15 min at 20°C. The pellet was washed five times with warm water until no more SDS could be detected by the method of Hayashi (23) . Cells were resuspended in 1 to 2 ml of water and broken with glass beads (150 to 210 microns) in a Fast Prep FP120 machine. Nonbroken cells were removed by low-speed centrifugation at 1,000 rpm for 5 min. The collected broken cell walls were centrifuged at 15,000 rpm for 30 min at 20°C. The pellet was resuspended in 100 mM Tris-HCl (pH 7.5) with the addition of 20 mM MgCl 2 , DNase, and RNase. DNase and RNase (Sigma Chemical Co., St. Louis, Mo.) were added at a concentration of 10 g/ml and 50 g/ml, respectively, and the mixture was incubated for 2 h at 37°C. The peptidoglycanassociated proteins were removed by overnight incubation at 37°C with 50 g/ml of trypsin in the presence of 20 mM CaCl 2 . The SDS-insoluble material was reextracted with boiling 1% SDS in 100 mM Tris-HCl (pH 7) for 20 min. The material was collected and washed with water by centrifugation four times as described above. The PG pellet was treated with 8 mM LiCl for 15 min at 41°C, collected by centrifugation at 15,000 rpm for 15 min at 20°C, and resuspended in 100 mM EDTA (pH 7.0) for 15 min at 41°C. The pellet was washed two times with water, lyophilized, and stored at 4°C.
Analysis of O-acetyl groups of peptidoglycan by HPLC. The range of O acetylation of the isolated peptidoglycan from lysozyme-resistant and lysozymesensitive staphylococci was analyzed. PG (20 mg in 1 ml) was incubated for 3 h
FIG. 1. Agar diffusion-based assay with 4 mg of lysozyme. (A) S. lugdunensis, (B) S. epidermidis, (C) S. haemolyticus, (D) S. carnosus, (E) S. gallinarum, (F) S. xylosus, (G) S. lentus, (H) S. equorum, and (I) S. arlettae.
Growth inhibition caused by lysozyme was tested on TSA plates. Overnight cultures were diluted in TSA soft agar to 0.5 ϫ 10 6 CFU/ml Ϫ1 and poured onto TSA plates. Lysozyme was applied into wells (diameter, 5 mm). Plates were incubated overnight at 37°C. Lysozyme formed white, characteristic precipitation zone. Micrococcus luteus is shown as an example of a lysozyme-hypersensitive bacterium.
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with 80 mM NaOH at 37°C with shaking to hydrolyze the O-acetyl groups. For a negative control, PG of S. aureus SA113 was incubated for 3 h with 80 mM phosphate-buffered saline (pH 6.4) at 37°C with shaking (11, 15) . The quantitation of released acetic acid was measured by HPLC, with an organic acid column HPX-87H (Bio-Rad) under the same conditions as for the acetic acid standard (Bio-Rad) and according to the instructions of the suppliers. The samples of the filtered supernatant (80 l) were injected into the column and eluted with 0.008 M sulfuric acid at a flow rate of 0.6 ml min Ϫ1 and at 35°C.
RESULTS
Lysozyme resistance among staphylococci. A lysozyme sensitivity plate assay revealed that not all species of the Staphylococcaceae family are lysozyme resistant. Susceptibility of 34 staphylococcal species against lysozyme was tested in the agar diffusion-based assay. We observed that representative pathogenic species were all resistant to lysozyme, while representative nonpathogenic species were sensitive to lysozyme. The lysozyme-sensitive staphylococci can be grouped into sensitive and hypersensitive species: for example, S. carnosus, S. xylosus, and S. gallinarum were sensitive species, whereas S. arlettae, S. equorum, and S. lentus were hypersensitive ( Fig. 1 and Table 1 ). These hypersensitive species were as sensitive against lysozyme as Micrococcus luteus was, which we always use as a control strain (Fig. 1) . For a further investigation of lysozyme resistance, characteristic members of each group were chosen to determine the effect of lysozyme on growth in the liquid culture. In a cell lysis assay, lysozyme (final concentration of 300 g/ml) was added at the exponential growth phase, and its effect on cell density (cell lysis) was monitored. While the optical density of S. aureus was completely unaffected by the presence of lysozyme (data not shown), it decreases rapidly in S. lentus, S. arlettae ( Fig. 2A) , and S. carnosus (Fig. 2B ) cultures, indicating continuous cell lysis. Hypersensitive species lysed almost immediately after the addition of lysozyme, and the cell density measured after 24 h stayed at an OD 578 of 0.3. With the S. carnosus culture, the addition of lysozyme also led to rapid cell lysis, but the cell density measured after 24 h increased again to an OD 578 of 4.8. In the absence of lysozyme, no cell lysis was observed with any of the strains.
We have shown previously that OatA of S. aureus catalyzes the O acetylation of the PG, thus rendering it lysozyme resistant. In this study, we expressed oatA in S. carnosus via the xylose-inducible promoter of pTX15 (Fig. 3) . The tetracyclineresistant transformants of S. carnosus were also lysozyme resistant, as shown in the liquid culture-based assay (Fig. 2B) . The cell density of S. carnosus(pTX15-oatA) culture was monitored without and with the addition of lysozyme (final concentration of 300 g/ml). After the addition of lysozyme, the cell density decreased, indicating cell lysis. S. carnosus(pTX15-oatA) grows poorly compared to the wild type. One explanation is that OatA is a rather hydrophobic protein with 10 predicted transmembrane domains. Moreover, overexpression by induction with xylose may cause membrane jamming, which is known to be associated with toxicity and eventual cell death (2) . Nevertheless, by expressing oatA, S. carnosus became lysozyme resistant (Fig. 2B) .
In order to search for oatA homologues among several Staphylococcus species, we used PCR (with primers derived from S. aureus-specific oatA) and Southern blotting method. No specific PCR products were detected in S. equorum, S.
arlettae, S. lentus, or S. carnosus. However, in S. epidermidis, S. lugdunensis, S. haemolyticus, S. saprophyticus, S. hyicus, and
S. warneri, specific products for oatA were detected. Additionally, our results confirmed that there are paralogues of oatA in the staphylococcal genomes. Sequencing and comparing the S. aureus OatA-derived protein sequence with those from other species (30) revealed homologues from S. epidermidis ATCC 12228 (55), S. epidermidis RP62A (18), S. saprophyticus ATCC 15305 (31), and S. haemolyticus JCSC1435 (47) with 64%, 64%, 56%, and 55% identity, respectively. Consistent with this result, PG from S. epidermidis, S. haemolyticus, and S. saprophyticus was found to be O acetylated. Southern blotting of EcoRIdigested chromosomal DNA from several Staphylococcus species probed with S. aureus oatA at various stringencies re- vealed no clear results. The homology of oatA at the DNA sequence level between different staphylococci species is low (45% to 30%), and staphylococcal genomes differ markedly in EcoRI restriction pattern, which makes it particularly difficult to obtain oatA-specific signals (Fig. 4) . Furthermore, even when signals are strong and seem to be specific, it is difficult to distinguish the oatA gene from its paralogues.
Comparative analysis of peptidoglycan from different staphylococci species. It is commonly known that staphylococcal PG possesses a pentapeptide bridge, which is cleavable by lysostaphin if it is composed essentially of pentaglycine such as that of S. aureus and S. carnosus for example. The majority of staphylococci have a pentapeptide bridge that contains one or two serine residues instead of glycine (28, 29) , which makes them more resistant against lysostaphin. This is the reason why it was difficult to obtain monomeric muropeptides by lysostaphin/cellosyl digestion of PG with these species, a method that was useful with S. aureus and S. carnosus (4) .
For determining whether the C-6 position of N-acetylmuramic acid was O acetylated, we purified PG from 10 species, carried out alkaline hydrolysis (80 mM NaOH) of the O-acetyl groups, and determined the released acetic acid by HPLCmuropeptide analysis as described previously (4). Pathogenic, lysozyme-resistant species produced significant acetate and exhibited a strong acetate peak in contrast to nonpathogenic, lysozyme-sensitive staphylococci (Table 1 and Fig. 5 ). The peptidoglycan of Macrococcus caseolyticus, isolated from abscesses of lambs, which until recently was classified as Staphylococcus caseolyticus (22) , is also found to be O acetylated ( Table 1) . The O-acetylated peptidoglycan of wild-type S. aureus served as a positive control (Fig. 5B) , and the completely de-O-acetylated peptidoglycan of the oatA deletion mutant (4) served as a negative control (Fig. 5C ).
DISCUSSION
For a long time, it was believed that all staphylococci are lysozyme resistant. Here we show that this is not the case. The O acetylation of the PG was found only in pathogenic staphylococci and in Macrococcus caseolyticus, which is also a mem- ber of the Staphylococcaceae family (22, 29) . The resistance to lysozyme of S. epidermidis, an opportunistic pathogen, may contribute to its ability to colonize the skin and mucous membranes and its role in chronic, implant-associated infections (20, 24, 26) . S. lugdunensis, which also possesses highly Oacetylated peptidoglycan, previously was isolated only from healthy human skin but is now regarded as an opportunistic pathogen implicated in endocarditis, septicemia, chronic osteoarthritis, catheter-associated infections, and infections of soft tissues, bone, and peritoneal fluid (49, 52) . S. hyicus, a lysozyme-resistant, opportunistic pathogen of animals, has been involved in infectious exudative epidermitis and septic polyarthritis of pigs, skin lesions in cattle and horses, and osteomyelitis in poultry and cattle (13, 41) . This species is also rarely isolated from healthy human skin (18) . S. saprophyticus, S. haemolyticus, and Macrococcus caseolyticus have less Oacetylated peptidoglycan than the species described above. S. saprophyticus is frequently found in inguinal and perineal regions of the human body and may serve as the source for inoculation of the urinary tract, leading to urinary tract infections, especially in young women and very rarely in men. This opportunistic pathogen has occasionally been isolated from wound infections and septicemia (32) . S. haemolyticus has been isolated frequently from serious human infections, especially from native valve endocarditis but also from septicemia, peritonitis, and urinary tract infections and it is occasionally associated with wound infections (3). Macrococcus caseolyticus was isolated from cattle, sheep, and goats and may be found in their milk and meat products. In only one case, this species was associated with infection as an etiologic agent of the abscesses of slaughtered lambs (38) . Lysozyme-resistant S. warneri, S.
hominis, and S. capitis constitute the predominant human skin microflora together with S. epidermidis (18) , and the O acetylation of the cell wall helps them to survive on the host. Under favorable conditions, however, they can overcome the innate immune system and may cause infection. S. hominis, which predominates on the dry, glabrous skin of arms, legs, and trunk, has been involved in endophthalmitis, rhinitis, endocarditis, peritonitis, septicemia, and arthritis (14, 34) . S. warneri, rarely associated with infection, has been occasionally noted as an etiologic agent of osteomyelitis, valve endocarditis, bacteremia, and urinary tract infections (9, 53) . S. capitis has been associated with bacteremia and infective endocarditis (12, 51) . Nonpathogenic staphylococci involved in food fermentation, e.g., S. carnosus, S. xylosus, S. equorum, S. arlettae, S. condimenti, and S. piscifermentans, are lysozyme sensitive and possess de-O-acetylated peptidoglycan. For a long time, S. carnosus, S. xylosus, and S. equorum have been used as starter cultures for the production of raw fermented sausages and hams (45) . S. piscifermentans, S. condimenti, and S. carnosus are important species in the production of fish sauce, and the cheese industry employs S. succinus subsp. casei, S. equorum, and S. xylosus as starter cultures in red smear cheese production. The staphylococci isolated from heavily salted meat, fish, or cheese have unusual properties that have never been observed for other staphylococci. S. equorum and S. arlettae can tolerate 15% NaCl and display clear growth even at 4°C; however, S. equorum grows slowly even under optimal growth conditions (25 to 32°C) (50) . S. carnosus and S. xylosus are also much more halotolerant than other staphylococci (45). More- over, none of the known virulence factors described for S. aureus, such as hyaluronidase, DNase, enterotoxins (staphylococcal enterotoxins A to E), toxic shock syndrome toxin 1, exfoliative toxins (exfoliative toxins A and B), coagulase, lectinase, protein A, elastase, hemolysins, capsules, and PG-specific O-acetyltransferase (this study) was found in S. equorum and in S. arlettae (39) . These species are also sensitive against all antibiotics that are fully ineffective in treatment of S. aureus infections (39) . The lysozyme-hypersensitive species S. lentus, which is commonly isolated from the skin and udders of goats and sheep, and S. arlettae, which is infrequently isolated from the skin of goats and poultry, have not been found associated with human or animal infections.
It is becoming apparent that staphylococci have developed a variety of strategies during evolution to survive as human commensals and paradoxically also as human pathogens. OatA is a factor that enables staphylococci to live on human skin and mucous membranes rich in lysozyme, but it is also a virulence factor, which can be useful during staphylococcal invasion, persistence, and infection. OatA is the major factor responsible for lysozyme resistance in pathogenic staphylococci. The finding of lysozyme-hypersensitive species suggests that other factors beside oatA contribute to lysozyme resistance. There are two additional factors that may play an important role in lysozyme resistance: the percentage of wall teichoic acids bound to the C-6 group of the N-acetylmuramic acid and the degree of cross-linking in the murein.
